Rainwater harvesting and associated storage is essential for cattle ranching in the drylands of Argentina and elsewhere. This is the first study to attempt to quantify the hydrological inflows and losses from rainwater harvesting impoundments. To address the direct effect of cattle within impoundments, a typical cattle-affected impoundment was instrumented and compared with that of a similar impoundment but without cattle access. Analysis of the storage dynamics with reference to the controlling variables demonstrated the highly episodic nature of the generation of infiltrationexcess overland flow that recharged the impoundments. The impoundments experienced 43 and 35% of storage loss to open-water-evaporation for the cattle-affected and control impoundments, respectively. Critically, the cattle-effected impoundment lost only 15% of storage to leakage (after cattle consumption was taken into account), while the control lost 65% of its water to basal leakage.
INTRODUCTION
Extensive livestock production occupies one-third of the global land area and represents a key economic activity in low-and middle-income countries (Schimel ; Robinson et al. ) . Given that most livestock systems are located in arid and semi-arid regions (hereafter drylands), water is the main constraint to production due to the shortage of Despite its great importance to cattle production in Dry Chaco rangelands, there is little scientific knowledge about the hydrological functioning of these impoundments and the biophysical controls on their water fluxes. Typically, there is one rainwater harvesting system every 1,000 ha within the cattle-grazed rangeland, that each collect only a tiny fraction of the rain falling in their contributory areas (Magliano et al. c) . Although rainwater harvesting systems make cattle production possible in the region, they are not considered efficient systems because of their perceived large water losses. During dry years, or at the end of the dry season, impoundments often run out of water generating serious problems for cattle ranchers. While local ranchers believe that water depletion in impoundments results from a combination of consumption by cattle and evaporation, the preliminary study of Magliano et al. The first objective of the study was to quantify the storage dynamics of the two instrumented impoundments over the water year. The second objective was to estimate, for the first time: (1) the temporal dynamics of the additions to storage from infiltration-excess overland flow from the local rainfall, and (2) a decomposition of the losses from storage attributed separately to open water evaporation, cattle drinking and leakage through the impoundment floor. As the most critical attribute of the cattle-drinking impoundments is maintenance of storage for the longest period possible (i.e. security from water supply failure), the dynamic relationship between the unique synchronous rainfall and impoundment storage data were analysed using a systems modelling approach. This final objective being to quantify the residence time of a unit input of rainfall within the two impoundments (i.e. how long storage is maintained for standardised rainfall inputs), one with cattle consumption and trampling, one without.
METHODS

Study site
Extensive cattle ranching represents the most important (1) and (2)) and daily water surface area (Equations (3) and (4)). Further details of the water volume calculations using an adapted fitting curve method applied to the high-resolution digital elevation model are presented in Magliano et al. (c) . The derived level to volume relationships for the cattle and control impoundments are given in Equations (1) and (2), respectively:
where V is the water volume (m 3 ) and h is the water level (m), and level to water surface area relations are given in
Equations (3) and (4), respectively:
where S is water surface (m 2 ) and h is water level ( 
where a negative Y is daily water loss (m 3 day À1 ), x is water volume at n day. In the case of Y > 0, this equates to very short episodes of recharge of the impoundment (m 3 ) by infiltration-excess overland flow from the surrounding 'rainwater harvesting' catchment.
Daily water loss was decomposed into estimates of the three component fluxes (evaporation, cattle consumption and drainage through the impoundment floor), using
Equations (6)- (8), respectively:
where y e is daily estimate of the volume of water lost by ), was then computed with Equation (9):
where y is the daily volume balance, a is an impoundment input and b is an impoundment loss. To explore the dynamics these daily values were expressed as a percentage of the maximum observed storage (6,140 and 4,102 m 3 for cattle and control impoundment, respectively).
Systems analysis of the input-storage dynamics of the impoundments
Rainwater harvesting is the dominant strategy for supplying drinking water to cattle in the Dry Chaco rangelands of Argentina. The main concern of ranchers is to have enough water at the end of the dry season, i.e. August (Figure 2(a) ). Consequently, a key hydrological characteristic of the impoundments constructed for cattle water supply is how long a unit input of rainfall can be maintained in an impoundment.
To quantify how long storage can be maintained follow- In summary, the RIVC algorithm implements an iterative instrumental variable method for estimation of general
Transfer Functions that capture the dynamic relationship between an input (here rainfall, R) and an output variable (here impoundment water volume, V ) that can be written as:
where V is the impoundment water volume (m 3 day -1 ), R is the rainfall (mm day -1 ), T is the pure time delay between R and an initial V response, where present (given in number of day intervals), α is the parameter capturing the rate of impoundment depletion or residence time of response 
where Δt is the time-step (days).
RESULTS AND DISCUSSION
Analysis of infiltration-excess overland-flow inputs to each impoundment
The accumulated infiltration-excess overland flow input to each impoundment (from the surrounding 'rainwater harvesting' catchment) over the 421 days of measurements was 10,690 and 6,630 m 3 for the cattle and control impoundments, respectively (Table 1) . This is 1.7 and 1.6 times the maximum water storage capacity of the respective impoundments.
The inputs to the two impoundments were characterized by very short, discrete events of infiltration-excess overland flow, contrasting with the continuous losses to evaporation, leakage and cattle drinking (Figure 2 To demonstrate the role of the event characteristics on preferential impoundment filling, the overland inflows into the impoundments were explored at a higher temporal resolution (30 min) during two example rainfall events of similar total event size but different short term intensity characteristics ( Figure 3 ). In the cattle impoundment, the highintensity event generated five times more overland flow than the low-intensity longer duration event (3,742 vs. Examining the full record of daily events, the cattle impoundment had 16 discrete input events while the control had 13. Critically, the minimum daily rainfall event able to generate an infiltration-excess overland flow input to an impoundment was only 4 mm day 
Analysis of consumption, evaporation and leakage losses from each impoundment
The analysis of the storage dynamics showed that total water losses from the impoundments to all processes over the 421-day monitoring period were 10,673 and 6,835 m 3 from the cattle and control impoundments, respectively ( Table 1) . The difference between impoundment storage at the start and end of the 421-day period, for both impoundments, was negligible. Consequently, application of Equations (6)- (8) (5) and (6) in (Chappell et al. ) was applied to the rainfall data, with R eff replacing R in Equation (10). By including this one additional term, simulation efficiency increased to 0.945 (Table 2) (Table 2) . A more negative number indicates that the use of a more slightly complex structure (i.e.
adding one additional term) is warranted by the dynamics in the observed data.
The derived residence time of the response of the storage for a unit input of rainfall to the catchment (Equation 
CONCLUSIONS
Rainwater harvesting remains essential for cattle production in the Dry Chaco rangelands of Argentina. This pioneering study into the hydrological functioning of a typical harvesting-impoundment system used for watering cattle against a similar physical system, except for cattle exclusion from the impoundment, produced the following key conclusions:
• The impoundment functioning (cattle-affected and control) is characterised by very short filling events (from infrequent rainfall events) with continuous losses of storage to evaporation and leakage (and also consumption in the cattle-affected impoundment);
• Most inflow is attributed to rainfall events of greater short-term intensity, due to the greater generation of infiltration-excess overland flow rather than infiltration;
• Some 43% of the storage was lost to open water evaporation in the cattle affected impoundment, and a similar 35% from the control impoundment;
• Using the value of 0.05 m 
; Reynolds et al. ).
It is critical that hydrologists undertake experimental studies to quantify both beneficial and negative impacts of these grazers on the sustainability of the natural environment and the food producing systems. The identification routine of the RIVC (Refined Instrumental Variable in Continuous-time) algorithm of Young (2015) was applied to the 421 days of daily rainfall and impoundment volume observations.
